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Tandem mass spectra (MS/MS) produced using electron transfer dissociation (ETD) differ
from those derived from collision-activated dissociation (CAD) in several important ways.
Foremost, the predominant fragment ion series are different: c- and z•-type ions are favored in
ETD spectra while b- and y-type ions comprise the bulk of the fragments in CAD spectra.
Additionally, ETD spectra possess charge-reduced precursors and unique neutral losses. Most
database search algorithms were designed to analyze CAD spectra, and have only recently
been adapted to accommodate c- and z•-type ions; therefore, inclusion of these additional
spectral features can hinder identification, leading to lower confidence scores and decreased
sensitivity. Because of this, it is important to pre-process spectral data before submission to a
database search to remove those features that cause complications. Here, we demonstrate the
effects of removing these features on the number of unique peptide identifications at a 1% false
discovery rate (FDR) using the open mass spectrometry search algorithm (OMSSA). When
analyzing two biologic replicates of a yeast protein extract in three total analyses, the number
of unique identifications with a 1% FDR increased from 4611 to 5931 upon spectral pre-
processing—an increase of28.6%. We outline the most effective pre-processing methods, and
provide free software containing these algorithms. (J Am Soc Mass Spectrom 2009, 20,
1435–1440) © 2009 American Society for Mass SpectrometryCollision-activated dissociation (CAD) is the mostcommonly employed method of peptide frag-mentation. During CAD, peptide ions are col-
lided with inert gas atoms, imparting energy, and
causing preferential cleavage of the weakest, most en-
ergetically favorable bonds. For unmodified peptides,
the weakest bonds tend to be the amide linkages
between amino acid residues. Cleavage of these bonds
results in the formation of b- and y-type fragment ions.
A fundamentally distinct, electron-based fragmentation
method was discovered 10 years ago by Zubarev et al.
[1] In electron capture dissociation (ECD), the capture of
thermal electrons by peptide cations also induces cleav-
age of backbone bonds. However, in contrast to CAD,
N–C bond is favored with ECD, thus forming c- and
z•-type fragment ions. Recently, an ion/ion analog to
ECD was discovered. In electron-transfer dissociation
(ETD), the ability to produce ECD-like spectra was
achieved within an ion trap mass spectrometer through
reaction of analyte cations with radical anion molecules
[2, 3]. Subsequent studies have suggested that ETD is
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doi:10.1016/j.jasms.2009.03.006better suited than CAD for analysis of certain peptides,
particularly those that are large, highly basic, and/or
contain post-translational modifications [4, 5], and is
considered a complementary dissociation method [6, 7].
With the advent of commercially available bench-top
ion trap instruments capable of electron-based dissoci-
ation, its inclusion in large-scale proteomics experi-
ments has become increasingly widespread. Due to this
increased use, several of the more common database
search algorithms have been adapted to allow for
searching of c- and z•-type ions. However, these algo-
rithms had originally been designed for searching
CAD-generated data, typically using trypsin-digested
proteins as the standard for the construction of the
search algorithm. These algorithms therefore do not
take into account several of the major spectral differ-
ences between CAD- and ETD-produced spectra.
In addition to producing different fragment ion
types, ETD spectra differ from those generated by CAD
in several important ways. As well as containing signif-
icantly more unreacted precursor than is typical for a
CAD spectra generated via resonant excitation, charge-
reduced species—those precursor cations that received
one or more electrons but did not dissociate (ETnoD)—
often constitute a significant fraction of the total ion
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tween ETD and CAD spectra are the types of neutral
losses observed as a result of the fragmentation. While
CAD spectra frequently contain fragment ions with
neutral losses of immonium ions or water molecules,
these are not often seen in ETD spectra. Recently,
several groups have reported on those neutral losses
which are specific to ECD spectra [8–10]. While it has
been suggested that neutral losses produced from the
electron-based methods may be used to increase the
confidence of peptide identifications, this has been
shown only within the context of a spectral database,
and has not yet been extended to database search
algorithms [11, 12]. Therefore, while many algorithms
account for several of the well-documented neutral
losses observed in CAD, they do not currently take
advantage of the extra information available within
ETD-generated spectra. On the contrary, those database
search algorithms that do allow for searching of ETD or
ECD spectra typically produce lower scoring identifica-
tions when these species are present within the spec-
trum, ultimately leading to fewer identifications or a
lower confidence threshold (data not shown).
Here, we demonstrate the effects of removing these
features on both the confidence and number of identi-
fications using a commonly employed database search
algorithm, the open mass spectrometry search algo-
rithm (OMSSA) [13]. We outline the most effective
pre-processing methods, and provide free software con-
taining these algorithms to aid in automated workflows.
Materials and Methods
Cell Culture and Protein Harvesting
Wild-type Saccharomyces cerevisiae were grown and pro-
teins harvested as previously described [14]. Briefly,
yeast was grown in rich media to an OD600 of 0.97, spun
down, washed with sterile water, and pelleted via centrif-
ugation at 10,000 g for 5 min. The cell pellet was added to
a volume of lysis buffer containing protease inhibitors.
The sample was French-pressed three times and centri-
fuged for 15 min at 30,000 g at 4 °C. This procedure was
performed twice, using biologic replicates.
Digestion
To reduce and alkylate cysteine residues, 4.2 mg of
protein (as determined by BCA assay) was incubated in
2.5 mM DTT for 25 min at 60 °C followed by incubation
in 7 mM iodoacetamide in the dark at room tempera-
ture for 30 min. Alkylation was capped by incubation in
2.5 mM DTT for 15 min at room temperature. The
samples were digested with endoproteinase lysine-C,
desalted, and the eluent lyophilized following estab-
lished protocol [14].Fractionation
SCX fractionation of all samples was performed as
previously described by Villen et al. [15] Peptides were
re-dissolved in 500 L SCX buffer A (5 mM KH2PO4,
pH 2.6/30% acetonitrile) and separated using a 9.4 
200-mm polysulfoethyl aspartamide column (5 mm
particle size, 200 Å pore; PolyLC, Columbia, MD) with
a surveyor HPLC pump and PDA detector (Thermo
Fisher Scientific, San Jose, CA). Buffer A was flowed
over the column for 3 min, and peptides were then
separated with a linear gradient from 0% to 21% buffer
B (5 mM KH2PO4, pH 2.6/30% acetonitrile/350 mM
KCl) over 35 min. The column was equilibrated with
multiple washes of 100% buffer B and 100% buffer C (20
mM Tris, pH 8.5). Fractions were collected over 3 min
intervals, yielding 12 total fractions. These fractions
were lyophilized, re-suspended in 0.5% TFA, and de-
salted using 100 mg tC18 SepPak cartridges (Waters,
Milford, MA). The resulting eluent was lyophilized and
stored at 20 °C until further use.
Chromatography
SCX fractions were loaded onto a pre-column via a
Waters nanoAcquity autosampler (Waters, Framing-
ham, MA). Columns were prepared in-house as de-
scribed previously [16], with the exception that the
analytical column was packed to 12 cm. Peptides were
chromatographically separated using a vented column
setup on a Waters nanoAcquity and employing a 40
min linear gradient of 1.4% to 49% acetonitrile in 0.2%
formic acid.
Mass Spectrometry
Mass spectrometry experiments were performed in an
on-line manner, in which peptides eluting from the
above described nHPLC method were sampled via an
integrated electrospray emitter for peptide ionization
[16]. Analysis was carried out using a hybrid QLT-
Orbitrap (Thermo Scientific, Bremen Germany), which
had been modified in-house to perform ETD [17, 18].
MS1 analysis was executed in the Orbitrap at 30,000
resolving power, followed by six data-dependent
MS/MS events with product ion analysis performed in
the QLT. The list of included precursor ion targets was
determined by descending intensity, using charge state
rejection (precursors with two or more charges only)
and dynamic exclusion (one fragmentation event led to
exclusion for 30 s with a maximum peak list of 500).
Each SCX fraction was analyzed using ETD, employing
a reaction time of 63 ms, precursor cation target value of
10,000 ions, and an anion target value of 250,000 reagent
ions. Duplicate analysis was performed on the first
biologic replicate to ensure reproducibility of the data,
while the other biologic replicate was analyzed a single
time (three total analyses).
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The software used to generate .dta files (DTA Genera-
tor) is freely available on the Coon Lab website at
http://www.chem.wisc.edu/coon/. This software was
written in-house, developed in C# with Microsoft Visual
Studio 2005 and 2008, using the Microsoft .NET Frame-
work 2.0. The XRawfile COM library (XRawfile2.dll) pro-
vided with Xcalibur 2.0.7 was used for access to the
proprietary Thermo Scientific .raw binary data file format.
Input files for OMSSA (.dta) were generated directly
from Thermo Scientific .raw LC-MS/MS data files. For
each fragmentation spectrum, DTA Generator first at-
tempts to determine the precursor charge state using
the information recorded in the scan header. If this
information was available, only a single .dta file was
written using that precursor charge. If it was not
available (could not be determined by the instrument
firmware), a .dta file was generated for every charge
state in a user-specified range. The precursor [M  H]
value was written with its corresponding charge state,
followed by every centroid m/z and intensity pair from
the MS2 scan. DTA Generator takes multiple input .raw
files, automatically distinguishes between CAD- and
ETD-generated spectra, allows the user to specify which
spectral features should be removed (i.e., precursor,
charge-reduced precursor(s), and/or neutral losses),
and generates either individual .dta files or merges
10,000 .dta files into batch text files (for searching with
OMSSA).
The software supports three different options: (1)
removal of the precursor—all peaks  3.1 m/z from the
precursor m/z were removed; (2) removal of those
charge-reduced precursor cations that were the result of
ETnoD—all peaks  3.1 m/z from the charge-reduced
precursor m/z for each charge state from 1 to the
precursor charge state 1; and (3) removal of those
peaks that were the result of neutral losses from charge-
reduced precursors—all peaks 60 Da (scaled to
charge) to the charge-reduced precursor m/z for each
charge state from 1 to the precursor charge state 1.
Table 1. Common neutral losses produced by electron capture
dissociation, which are removed by the spectral processing
algorithm [8–10]
Loss (Da) Formula
17.027 NH3
18.011 H2O
27.995 CO
32.026 CH3OH
34.053 N2H6 (2  NH3)
35.037 H4NO
36.021 H4O2 (2  H2O)
44.037 CH4N2
45.021 CH3NO
46.006 CH2O2
46.042 C2H6O
59.037 C2H5NO
59.048 CH5N3Table 1 contains a list of neutral losses which occur in
the m/z region that is removed. For comparison of the
impact that removal of different spectral features has on
the probability of identification, spectra were processed
in five ways: (1) performing all spectral processing
steps; (2) performing the first two processing steps, but
not removing neutral losses; (3) removing only the
neutral losses, but not the precursor or charge-reduced
precursors; (4) eliminating only the precursor; and (5)
not processing the spectra in any way, thus providing a
baseline for comparison.
Database Searching
MS/MS spectra were searched against a concatenated
target-decoy version of the Saccharomyces Genome Da-
tabase (database reversed using a modified version of
the open-source software available from the Gygi lab at:
http://gygi.med.harvard.edu/gygilab/index.php?html 
software) using OMSSA (Open Mass Spectrometry Search
Algorithm; freely available from NCBI). The search algo-
rithm parameters were set to consider the static modification
of 57 Da on cysteine residues (carbamidomethylation), a
variable modification of 16 Da on methionine residues
(oxidation), a precursor mass tolerance of 4.0 Da, and a
fragment mass tolerance of 0.5 Da. Search results were
filtered to a 1% false discovery rate using software written
in-house for optimization of identification expectation value
and precursor mass error thresholds [19].
Results and Discussion
A view onto how spectral processing affects the data
submitted to a protein database search is provided in
Figure 1a–d. Here, we display the step-wise, in silico
removal of specified m/z regions from the original
spectrum (Figure 1a), with the complexity of the spec-
trum clearly decreasing as more m/z regions are re-
moved (Figure 1b–d). As is evident comparing Figure
1a and b, the precursor m/z is generally the greatest
contributor to the total ion current within the spectrum.
This, of course, is a function of ion/ion reaction dura-
tion. Note the precursor can be entirely removed by
extending the ETD reaction duration; however, doing
so also results in the destruction of the newly formed
product ions as they are likewise subject to reaction
with the ETD reagent. For a triply protonated precur-
sor, the optimal reaction duration is one that removes
2/3 of the initial amount of precursor cation; thus, a
substantial amount of unreacted precursor remains.
Figure 1c displays the spectrum that results from re-
moval of the precursor m/z as well as the removal of all
the charge-reduced precursors (ETnoD). Finally, Figure
1d illustrates the fully processed spectrum, where neu-
tral losses from the charge-reduced precursors have
also been removed. This MS/MS event provides an
interesting example of how processing affects the pos-
sibility for identification, as only the fully processed
spectrum provided an identification when searched
ocess
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tered for 1% FDR. Though OMSSA provided high-
quality hits for all spectra, regardless of processing, the
Figure 1. The effect of removing interfering pea
biological replicate #1, first analysis. (a) Shows the
of the precursor, charge-reduced precursors, and
were identified by OMSSA, as the interfering pea
increased, and only that which was completely pre-value for peptides identified from processed spectradecreased (thus the probability of a correct match
increased) with more extensive processing. In this case,
the e-value decreased with each successive processing
om the MS/MS scan #3118 from SCX fraction 6,
ocessed scan; (b)–(d) show the step-wise removal
ral losses, respectively. Note how while all scans
ere removed, the confidence of the identification
ed remained after trimming to a 1% FDR.ks fr
unpr
neut
ks wstep, from 1.17 108 for no pre-submission processing
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case, OMSSA identified 21 of the 28 possible fragments
for this peptide, resulting from 13 of the 14 possible
bonds being cleaved. The only bond which was not
dissociated was the N-terminal Arg to Pro bond, one
which is not observed in ETD due to the ring structure
of proline. With each successive processing step, non-
matching peaks are removed which, in turn, decreases
the chance that the match is a random occurrence.
Interestingly, the more high confidence identifications
there are in a dataset, the more low confidence identi-
fications that can be included at a 1% false discovery
rate. So, as a result of vigorous spectral processing, the
standards for inclusion of an identification at the 1%
FDR level are loosened—it is this trend that allowed
this particular match to be included when it was
subjected to all forms of cleaning.
Referring back to Figure 1, one can see the effect of
removing the relatively high intensity m/z peaks that
result from unreacted precursor and ETnoD products on
the identification of a peptide. The precursor is the highest
intensity peak within the spectrum, with the doubly
charged, charge-reduced precursor being the second most
intense peak. As OMSSA removes “noise” peaks dynam-
ically within a range relative to the most intense peak,
removal of these two most intense peaks drops the initial
value for the maximum intensity within the spectrum by
several-fold. Subsequent removal of the other interfer-
ing ions further reduces the theoretical maximum in-
tensity within the spectrum, with the removal of each
successively intense ion dropping the maximum by a
relatively large percentage. It is therefore probable that
in spectra like that illustrated in Figure 1, true c- and
z•-type ion peaks are not considered by OMSSA be-
cause of their low intensity relative to the precursor,
ETnoD, and neutral loss peaks. This is especially prob-
lematic for ETD-generated spectra, as production of
fragment ions is typically less efficient than in CAD (i.e.,
due to charge neutralization), thus causing these ions to
have small fraction of the total intensity of the precursor
and charge-reduced precursors. The observations made
with this particular example will not necessarily hold
true for every spectrum generated using ETD; precursor
characteristics such as charge state can greatly affect the
partitioning between ETD and ETnoD.
To assess the impact of spectral processing on a large
amount of ETD data, we analyzed spectra produced
from a large-scale experiment [14]. Yeast protein ex-
tracts (two replicates) were digested and fractioned by
SCX into 12 pools. An nHPLC-MS/MS experiment was
performed on each of the fractions, twice for the first
replicate and once for the second for three sets of 12
analyses. Figure 2 presents the overall effects of remov-
ing varying m/z regions from these datasets before
submission to a protein database search. All identifica-
tions were determined to be within a 1% FDR. The
greatest increases in the quality of matches produced
came from removal of the precursor (due to its contri-
bution to the total ion current of the spectrum; 15%average increase in unique IDs) and removal of neutral
losses (likely an effect of removing multiple interfering
peaks within a single step; 21% average increase in
unique IDs). Subsequent removal of other interfering
species showed gradual improvement of the total num-
ber of unique (sequence exclusive) identifications, with
the combined removal of precursor, ETnoD, and neutral
loss m/z ranges producing the greatest number of
matches (5931). The collective effect of removing all of
the interfering species listed above resulted in a sub-
stantial improvement in the total number of identifica-
tions, 26.3% increase.
An obvious concern for any type of spectrum pre-
processing is the amount of information being re-
moved. Figure 3 addresses this question by providing a
measure of the average percentage of matching c-
and/or z•-type fragment ion peaks per peptide that fell
within the m/z ranges that were removed during the
spectral processing steps. In each step, a minute per-
centage of the total possible fragment ions was con-
tained within the removed m/z region, and even when
performing all processing steps, only 3.2% of all
possible c- and/or z•-type fragment ions per peptide,
relative to the number of theoretical fragments that
could be observed for each peptide, were removed
during processing.
Conclusions
We have illustrated the importance of removing inter-
fering peaks from ETD-generated spectra before sub-
mission to a database search using the OMSSA algo-
rithm. Note that the OMSSA algorithm has recently
Figure 2. The effect of spectral pre-processing on total IDs from
a proteomics experiment. (a) Provides the average number of
unique (sequence exclusive) identifications at a 1% FDR for the
three analyses based upon the amount of spectral processing; (b)
illustrates the percent increase for these identifications as com-
pared to no spectral processing.been updated to remove charge-reduced precursors
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mand was not employed during the OMSSA searches,
and the algorithm presented here varies from that em-
ployed in OMSSA. Whereas OMSSA assumes a precursor
charge of four and scales the windows removed by mass
tolerance, our algorithm determines the windows based
upon the charge contained within the .dta file (this infor-
mation is obtained through collection of the MS data with
the high-resolution Orbitrap mass analyzer). We antic-
ipate the conclusions reached here are applicable for all
peptide search algorithms, although the impact of spec-
tral preprocessing could be less significant for algo-
rithms designed specifically for ETD. Removal of these
peaks led to a marked increase in total identifications
and also identifications trimmed to a 1% false discovery
rate. The step-wise removal of these categories of peaks
was characterized and the relative impact of each was
analyzed. The removal of the precursor from the spectra
produced the greatest increase in total identifications,
while subsequent removal of the charge-reduced pre-
cursor(s) and neutral loss m/z regions also provided
gains in the number of identifications.
The software used to generate .dta files and remove the
above-specified spectral features is freely available for down-
load: http://www.chem.wisc.edu/coon/index.html.
As this work focuses solely on the impact of removal
of certain extraneous ETD-generated features on results
produced from the OMSSA search algorithm, future
analyses will be performed using multiple, commonly
employed search algorithms, and will also investigate
the effect of feature intensity on resulting IDs.
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